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ROTARY ELECTRIC MACHINE CONTROL
DEVICE

BACKGROUND

The present disclosure relates to a rotary electric machine
control device that performs vector control on a rotary
electric machine.

A control method called vector control is known as a
control method for a permanent-magnet synchronous rotary
electric machine, e.g. a three-phase synchronous motor. In
the vector control, motor currents that flow through stator
coils of the motor for three phases are subjected to a
coordinate conversion into vector components for two
phases, namely a d-axis, which extends in the direction of a
magnetic field generated by a permanent magnet disposed in
a rotor, and a g-axis, which is orthogonal to the d-axis, to
perform feedback control. For the coordinate conversion, it
is necessary to accurately detect the position of the rotor
(magnetic pole position). In many cases, a rotation sensor
such as a resolver is utilized to detect the magnetic pole
position. For the purpose of cost reduction, however, sen-
sorless magnetic pole detection in which the magnetic pole
position is electrically detected on the basis of an electrical
phenomenon that matches the magnetic pole position with-
out using such a rotation sensor is occasionally performed.
For example, an induced electromotive force produced by
rotation of the rotor can be utilized to electrically detect the
magnetic pole position. Because an induced electromotive
force is not produced or only a small induced electromotive
force is produced in the case where the rotor is stationary or
in the case where the rotor is rotating at a very low speed,
however, the magnetic pole position may not be detected
accurately by the method. Thus, there is also proposed a
method in which a high-frequency current or a high-fre-
quency voltage is applied to a motor and the magnetic pole
position is estimated in accordance with a response from the
motor.

When it is attempted to decide the magnetic pole position
(or the phase of a rotating d-q-axis coordinate system) by
one of the method which utilizes an induced electromotive
force and the method which applies a high frequency, that is,
a single method, the accuracy is reduced in a high speed
rotation range (a region in which the rotation frequency is
high) or a low speed rotation range (a region in which the
rotation frequency is low). Japanese Patent Application
Publication No. H10-94298 (JP H10-94298 A) proposes a
technology that addresses such an issue about sensorless
magnetic pole detection. According to JP H10-94298 A, two
phase decision methods, namely a phase decision method
for a low frequency region and a phase decision method for
a high frequency region, are used to generate phases, and the
two phases are weight-averaged with respect to the fre-
quency to obtain the phase of a d-q-axis coordinate system.

By applying the technology according to JP H10-94298
A, the phase is decided on the basis of a method that is
suitable for the rotation frequency, among the two methods,
by weight-averaging the two phases with respect to the
frequency to switch between the two phase decision meth-
ods at a certain ratio in accordance with the rotation fre-
quency. In both the method used in the low frequency region
(e.g. the method in which a high-frequency current or a
high-frequency voltage is applied to the motor) and the
method used in the high frequency region (e.g. the method
which utilizes an induced electromotive force), however, the
estimation accuracy in estimating the magnetic pole position
tends to be varied in accordance with torque of the motor.
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Thus, a sufficient accuracy in deciding the phase (estimating
the magnetic pole position) may not be secured only by
switching the phase decision method and deciding the
weight for weight averaging on the basis of the rotation
frequency.

SUMMARY

In view of the foregoing background, it is desirable to
provide a technology for accurately estimating the magnetic
pole position irrespective of the operating state of a rotary
electric machine.

In view of the foregoing issue, according to an exemplary
embodiment, the present disclosure provides a rotary elec-
tric machine control device that controls a rotary electric
machine that includes a rotor in which a permanent magnet
is disposed so as to provide magnetic saliency, and that
performs feedback control on the rotary electric machine on
the basis of a deviation between a current command and a
feedback current from the rotary electric machine in a
d-g-axis vector coordinate system defined by a d-axis which
extends in a direction of a magnetic field produced by the
permanent magnet and a g-axis which is orthogonal to the
d-axis, the rotary electric machine control device includes an
electronic control unit that is structured to: compute a
magnetic pole position of the rotor on the basis of an induced
voltage generated in the rotary electric machine; apply a
high-frequency observation signal to the rotary electric
machine, and compute the magnetic pole position of the
rotor on the basis of a high-frequency component included
in the feedback current as a component as a response to the
observation signal; and switch a computation mode for
computing the magnetic pole position of the rotor between
at least two modes that include a high speed range compu-
tation mode in which the magnetic pole position is computed
and a low speed range computation mode in which the
magnetic pole position is computed, wherein the electronic
control unit sets a high speed rotation range prescribed by a
rotational speed and torque of the rotary electric machine
and a low speed rotation range prescribed by the rotational
speed and the torque of the rotary electric machine and
prescribed on a side on which the rotational speed is lower
than that in the high speed rotation range, applies the high
speed range computation mode in the high speed rotation
range, applies the low speed range computation mode in the
low speed rotation range, and sets both a high speed range-
side boundary and a low speed range-side boundary so as to
be on a side on which the rotational speed is low in the case
where the torque is relatively high compared to a case where
the torque is relatively low, the high speed range-side
boundary being a boundary between a region on a side on
which the rotational speed is lower than that in the high
speed rotation range and the high speed rotation range, and
the low speed range-side boundary being a boundary
between a region on a side on which the rotational speed is
higher than that in the low speed rotation range and the low
speed rotation range.

According to the characteristic configuration, the rotary
electric machine control device includes the high speed
range-position computation section and the low speed range-
position computation section (which is an example of part of
an electronic control unit), and can estimate the magnetic
pole position in a rotational speed range that suits each of the
computation sections. Further, the switching section (which
is also an example of part of an electronic control unit)
switches the computation mode between at least two modes
for computing the magnetic pole position, which makes it
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possible to accurately estimate the magnetic pole position
over a wide rotational speed range. In the switching section,
the low speed rotation range and the high speed rotation
range are set, and such rotation ranges are not only set
simply in correspondence with the rotational speed, but also
set in correspondence with the torque. In the case where the
rotary electric machine is controlled so as to maximize
output torque (in the case where maximum torque control is
performed), for example, when the high speed range-posi-
tion computation section estimates the magnetic pole posi-
tion, an induced voltage for estimating the magnetic pole
position is also increased, which improves the estimation
accuracy. That is, when the high speed range-position com-
putation section estimates the magnetic pole position, the
estimation accuracy is improved in the case of high torque
compared to the case of low torque.

When the low speed range-position computation section
estimates the magnetic pole position, on the other hand,
computation is stabilized in the case of low torque compared
to the case of high torque for the following reasons. In order
to express the saturation characteristics, a dynamic induc-
tance is occasionally defined as the inductance of the rotor.
In the case where maximum torque control is performed, for
example, when the torque becomes larger, the g-axis current
is increased so that g-axis magnetic flux gradually
approaches a saturated region. The dynamic inductance is
represented by a differential. Therefore, when the g-axis
current is increased to approach a saturated region, the
dynamic inductance approximates “0”. That is, as the torque
becomes larger, the g-axis dynamic inductance becomes
smaller. The salient pole ratio is indicated by a value
obtained by dividing the g-axis dynamic inductance by the
d-axis dynamic inductance. When the g-axis dynamic induc-
tance becomes smaller, the salient pole ratio becomes lower,
which reduces the stability in estimating the magnetic pole
position utilizing the saliency. That is, when the low speed
range-position computation section estimates the magnetic
pole position, the estimation accuracy is improved in the
case of low torque compared to the case of high torque even
at the same rotational speed.

In the switching section, as discussed above, the low
speed rotation range and the high speed rotation range are
set, and such rotation ranges are not only set simply in
correspondence with the rotational speed, but also set in
correspondence with the torque. Specifically, both the high
speed range-side boundary and the low speed range-side
boundary are set on a side on which the rotational speed is
low in the case where the torque is relatively high compared
to a case where the torque is relatively low. Thus, estimation
of the magnetic pole position by the high speed range-
position computation section is executed with a region in
which the rotational speed is high and the torque is high
defined as the application region, and estimation of the
magnetic pole position by the low speed range-position
computation section is executed with a region in which the
rotational speed is low and the torque is low defined as the
application region. As a result, the switching section sets a
region in which each of the two computation sections can
stably estimate the magnetic pole position as the application
region of the computation section, which enables the mag-
netic pole position to be estimated with high accuracy. Thus,
according to the characteristic configuration, the magnetic
pole position can be accurately estimated irrespective of the
operating state of the rotary electric machine.

The induced voltage generated in the rotary electric
machine is mainly generated in a stator because of rotation
of the rotor. Thus, in the rotary electric machine control
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device according to an exemplary aspect of the present
disclosure, the electronic control unit preferably computes
the magnetic pole position of the rotor at least on the basis
of an induced voltage generated in the stator by rotation of
the rotor.

In order to enhance the estimation accuracy for the
magnetic pole position in the high speed range computation
mode, in addition, it is desirable that an induced voltage
generated in the rotary electric machine should be specified
appropriately. Thus, in one exemplary aspect, preferably, the
electronic control unit computes the magnetic pole position
of the rotor using an extended induced voltage model that
uses an extended induced voltage calculated from an
induced voltage generated by rotation of magnetic flux
generated in the rotor by a d-axis current, an induced voltage
generated by variations in current that flows through a g-axis
inductance on the stator side, and an induced voltage gen-
erated by rotation of magnetic flux of the permanent magnet.
According to the configuration, the magnetic pole position
can be estimated further accurately compared to the mag-
netic pole position computed using a common induced
voltage model.

As discussed above, the switching section switches the
computation mode so as to apply the high speed range
computation mode in the high speed rotation range and
apply the low speed range computation mode in the low
speed rotation range. If the boundary between the high speed
rotation range and the low speed rotation range is fixed, the
computation mode may be switched frequently when the
rotational speed is varied around the boundary, which may
cause hunting in the estimation result of the magnetic pole
position. Thus, a hysteresis is preferably set for the bound-
ary. In the rotary electric machine control device according
to one exemplary aspect of the present disclosure, prefer-
ably, the electronic control unit computes a rotational speed
of the rotor; a hysteresis that is larger than an error in the
rotational speed produced by an error in the magnetic pole
position computed in the high speed range computation
mode is set for the high speed range-side boundary; and a
hysteresis that is larger than an error in the rotational speed
produced by an error in the magnetic pole position computed
in the low speed range computation mode is set for the low
speed range-side boundary.

When switching is made from a computation mode in
which the magnetic pole position is not estimated by the low
speed range-position computation section to a computation
mode in which the magnetic pole position is estimated by the
low speed range-position computation section, there is a
time lag in which a high-frequency observation signal is
applied to the rotary electric machine and a response com-
ponent is subjected to signal processing. Thus, by making
preparations by applying an observation signal before actu-
ally estimating the magnetic pole position, it is possible to
suppress a loss of an estimated magnetic pole position when
such switching is made. In the rotary electric machine
control device according to one exemplary aspect of the
present disclosure, preferably, a high-frequency application
region in which the observation signal is applied to the
rotary electric machine while executing the computation
mode applied in a region on a side on which the rotational
speed is higher than that in the low speed rotation range is
set adjacent to the low speed range-side boundary on a side
on which the rotational speed is higher than that in the low
speed range-side boundary.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram schematically illustrating an
example of the configuration of a rotary electric machine
control device.



US 9,438,153 B2

5

FIG. 2 illustrates an example of a rotation characteristic
map prescribed by a rotational speed and torque.

FIG. 3 illustrates an example of the rotation characteristic
map prescribed by the rotational speed and the torque.

FIG. 4 illustrates an example of the rotation characteristic
map prescribed by the rotational speed and the torque.

FIG. 5 is a block diagram schematically illustrating an
example of the configuration of a low speed range-position
computation section.

FIG. 6 illustrates the relationship between a d-g-axis
vector coordinate system and a §-y-axis vector coordinate
system.

FIG. 7 illustrates the relationship between a a-f-axis
vector coordinate system and the d-g-axis vector coordinate
system.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

An embodiment of the present disclosure will be
described below with reference to the drawings. As illus-
trated in FIG. 1, a rotary electric machine control device is
a control device provided with a function of detecting the
rotational state (the magnetic pole position and the rotational
speed) of an AC rotary electric machine 30 in a so-called
sensorless manner without using a rotation sensor such as a
resolver. In the embodiment, the rotary electric machine 30
is an interior permanent magnet synchronous motor (IP-
MSM), and has saliency (including inverse saliency), that is,
the magnetic properties in the direction of the N pole of a
permanent magnet of a rotor are different from the magnetic
properties in a direction that is electrically perpendicular
thereto (direction that is shifted in electrical angle by 90°
therefrom). In the embodiment, as discussed in detail later,
a motor control device utilizes the saliency to determine the
rotational state such as the magnetic pole position, the
magnetic pole direction, and the rotational speed in a sen-
sorless manner even when the rotary electric machine 30 is
stationary or rotating at a low speed. Thus, the present
disclosure can be applied to other types of rotary electric
machine having saliency, e.g. synchronous reluctance
motors. As a matter of course, the rotary electric machine 30
includes a motor (electric motor), a generator (electric
generator), and a motor generator that functions both as a
motor and as a generator as necessary.

As illustrated in FIG. 1, the rotary electric machine
control device includes an inverter control section 10 and a
rotational state information computation section 7. The
inverter control section 10 and the rotational state informa-
tion computation section 7 are each constituted as an ECU
(electronic control unit) constructed by a logic circuit such
as a microcomputer as its core member. The inverter control
section 10 controls drive of the rotary electric machine 30
via an inverter 23 through current feedback control using a
vector control method. The inverter control section 10 and
the rotational state information computation section 7 are
each composed of a variety of functional sections, which are
each implemented through cooperation between hardware
such as a microcomputer and software (program).

A DC power source 21 connected to the inverter 23 is a
rechargeable secondary battery such as a battery. The
inverter 23 is subjected to switching control performed in
accordance with a switching control signal S provided from
the inverter control section 10 to convert power between DC
and AC. For example, the inverter 23 converts DC power
from the DC power source 21 into three-phase AC power to
supply the three-phase AC power to the rotary electric
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machine 30. When the rotary electric machine 30 functions
as a generator, meanwhile, the inverter 23 converts gener-
ated AC power into DC power to supply the DC power to the
DC power source 21.

The inverter 23 includes a plurality of switching elements.
The switching elements are preferably IGBTs (insulated gate
bipolar transistors), MOSFETs (metal oxide semiconductor
field effect transistors), or the like. In place of such Si
(silicon) devices, the switching elements are also preferably
SiC (silicon carbide) devices such as SiC-MOSFETs and
SiC-SITs (static induction transistors). The inverter 23
which converts power between DC power and multi-phase
AC power (herein, three-phase AC power) is constituted of
a bridge circuit having a number of arms, the number
corresponding to the number of the phases (herein, three), as
well known. That is, two switching elements are connected
in series between the DC positive side (positive power
source line) and the DC negative side (negative power
source line) of the inverter 23 to compose one arm. Here, the
switching element connected to the positive power source
line is referred to as “upper switching element”, and the
switching element connected to the negative power source
line is referred to as “lower switching element”.

In the case where the multi-phase AC power is three-
phase AC power, three series circuits (each corresponding to
one arm) are connected in parallel. That is, a bridge circuit
in which a set of series circuits (arms) corresponds to each
of stator coils of the rotary electric machine 30 correspond-
ing to U-phase, V-phase, and W-phase is constituted. The
middle point between the series circuits (arms) formed by a
pair of switching elements for each phase, that is, the point
of connection between the upper switching element and the
lower switching element, is connected to each of the stator
coils of the rotary electric machine 30. A free-wheel diode
(regeneration diode) is connected in parallel to each of the
switching elements.

The inverter 23 is connected to the inverter control section
10 via a driver circuit (not illustrated), and performs switch-
ing operation in accordance with the switching control
signal S generated by the inverter control section 10. The
driver circuit is a circuit that includes a voltage conversion
circuit, an insulation circuit, and so forth, and that relays the
switching control signal S generated by the inverter control
section 10 to a control terminal (such as a gate terminal or
a base terminal) of the switching element. For example, in
the case where the rotary electric machine 30 is a drive force
source for a vehicle or the like, the DC power source 21
provides a high voltage, and the switching elements of the
inverter 23 switch a high voltage. Thus, the potential dif-
ference between a high level and a low level of a pulsed
drive signal (control signal) input to a control terminal of an
element that switches a high voltage is a voltage that is much
higher than the operating voltage of a common electronic
circuit such as a microcomputer. Thus, the control signal is
input to the switching elements of the inverter 23 after being
subjected to a voltage conversion and an insulation via the
driver circuit.

Thus, the rotary electric machine 30 is driven at prede-
termined output torque and rotational speed via the inverter
23 which is subjected to switching control performed by the
inverter control section 10. In this event, the value of a
current that flows through each stator coil of the rotary
electric machine 30 is fed back to the inverter control section
10. The inverter control section 10 executes PI control
(proportional-integral control) or PID control (proportional-
integral-differential control) on the deviation from a current
command (Id*, Iq*) to control drive of the rotary electric
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machine 30. In order to achieve such feedback control, a
current (Iu, Iv, Iw) that flows through a conductor such as a
bus bar provided between an arm of the inverter 23 for each
phase and a stator coil of the rotary electric machine 30 for
each phase is detected by a current sensor 9. In FIG. 1, the
current sensor 9 is illustrated in the form of a non-contact
current sensor that detects an AC current that flows through
an AC power line such as a bus bar in a non-contact manner.
In the embodiment, the current sensor 9 is disposed for all
of the three phases. Because the currents for the three phases
are balanced so that the instantaneous value of the sum of the
currents for the three phases is zero, however, it is also
possible to detect currents for only two phases and obtain a
current for the remaining phase through computation.

Now, vector control performed by the inverter control
section 10 will be described briefly. In such vector control,
the vector space (coordinate system) is a d-q-axis vector
coordinate system (d-q-axis vector space) defined by a
d-axis, which extends in the direction of a magnetic field
generated by a permanent magnet disposed in the rotor of the
rotary electric machine 30, and a g-axis, which is electrically
orthogonal to the d-axis. In the embodiment, the inverter
control section 10 includes a torque command computation
section 11, a torque control section 12 (current command
computation section), a current control section 13 (voltage
command computation section), a modulation control sec-
tion 14, and a three-phase/two-phase coordinate conversion
section 15.

In the embodiment, the torque command computation
section 11 computes a torque command T* (target torque) on
the basis of a speed command w* from an upstream ECU
(not illustrated) and the actual rotational speed. In the
embodiment, rotation of the rotary electric machine 30 is
detected in a sensorless manner without using a rotation
sensor such as a resolver. Thus, the actual rotational speed
is an estimated rotational speed estimated by the rotational
state information computation section 7, and indicated by m
with " (hat) as illustrated in FIG. 1 (indicated as “®w"™” in the
specification for convenience). The torque control section 12
sets current commands Id*, Iq* for vector control in accor-
dance with the torque command T*. The current commands
1d*, Iq* are set in correspondence with the d-q-axis vector
coordinate system discussed above.

The current control section 13 performs PI control, for
example, on the deviation between the current commands
1d*, Iq* in the d-g-axis vector coordinate system and feed-
back currents 1d, Iq to compute voltage commands Vd*, Vg*
in the d-g-axis vector coordinate system. The feedback
currents Id, Iq are the detected values of three-phase currents
that flow through the stator coils of the rotary electric
machine 30 which are subjected to a coordinate conversion
performed by the three-phase/two-phase coordinate conver-
sion section 15 into a d-q-axis vector coordinate system with
two phases and fed back. The voltage commands Vd*, Vg*
are subjected to a coordinate conversion performed by the
modulation control section 14 into voltage commands for
three phases. The modulation control section 14 generates
the switching control signal S for switching control of the
inverter 23 on the basis of the voltage commands for three
phases through PWM (pulse width modulation), for
example.

The coordinate conversions performed by the modulation
control section 14 and the three-phase/two-phase coordinate
conversion section 15 are performed on the basis of a
magnetic pole position 6 of the rotor. That is, in order to
perform vector control on the rotary electric machine 30, it
is necessary to perform a coordinate conversion between the
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real three-phase space and the two-phase d-g-axis vector
coordinate system. Therefore, it is necessary to accurately
detect the magnetic pole position 8 of the rotor. The embodi-
ment adopts sensorless control in which the magnetic pole
position 6 of the rotor is estimated with no rotation detection
device such as a resolver provided. Thus, the magnetic pole
position 6 is an estimated magnetic pole position, and
indicated by 6 with " as illustrated in FIG. 1 (indicated as 6"
in the specification for convenience).

While the rotary electric machine 30 is rotating, a pul-
sating component due to an induced electromotive force is
included in the feedback currents Id, Iq. Therefore, a rota-
tional speed w (estimated rotational speed w") can be com-
puted by detecting the pulsating component, and the mag-
netic pole position 0 (estimated magnetic pole position 67)
can be computed from the estimated rotational speed 6”.
When the rotary electric machine 30 is stationary, on the
other hand, no induced electromotive force is produced as a
matter of course. When the rotary electric machine 30 is
rotating at a low speed, meanwhile, a small induced elec-
tromotive force is produced, and a small pulsating compo-
nent is included in the feedback currents Id, Iq. Therefore, it
is necessary to use another method in order to compute the
rotational speed ® (w") and the magnetic pole position 6
(67). For example, in the case where the rotary electric
machine 30 is stationary or rotating at a low speed, a
high-frequency observation signal (observation current or
observation voltage) that serves as an electrical stimulus is
applied to the rotary electric machine 30, and the rotational
speed o (") and the magnetic pole position 8 (8") can be
computed from a response from the rotary electric machine
30.

In the embodiment, as illustrated in FIG. 1, two position
computation sections, namely a high speed range-position
computation section 3 and a low speed range-position com-
putation section 5, are provided. The high speed range-
position computation section 3 mainly computes a rotational
speed o (0" ) and a magnetic pole position 8 (6" 5) in a high
speed rotation range in which an induced electromotive
force (induced voltage) can be utilized. The low speed
range-position computation section 5 mainly computes a
rotational speed w (", ) and a magnetic pole position 6 (87,)
in a low speed rotation range using a high-frequency obser-
vation signal. The result (0" and 8";) of computation by
the high speed range-position computation section 3 and the
result (0", and 67;) of computation by the low speed
range-position computation section 5 are selected or syn-
thesized by the switching section 1 as discussed later to be
utilized by the torque command computation section 11, the
modulation control section 14, and the three-phase/two-
phase coordinate conversion section 15. In addition, the
control device 1 also controls a switch 2 so as to switch
whether or not to apply a high-frequency observation signal
(here, “Vd,*»).

FIGS. 2 to 4 schematically illustrate a rotation character-
istic map prescribed by the rotational speed [rpm] and the
torque [Nm] of the rotary electric machine 30. In the
drawings, “RL” indicates a low speed rotation range, and
“RH” indicates a high speed rotation range. “RB” indicates
a boundary region between the low speed rotation range RL
and the high speed rotation range RH. “BL” indicates the
boundary between the low speed rotation range RL and a
higher speed rotation range, and the boundary between the
high speed rotation range RH and a lower speed rotation
range. In the case where such boundaries are to be differ-
entiated, the boundary between the region that is higher in
rotational speed than the low speed rotation range RL and
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the low speed rotation range RL is referred to as “low speed
range-side boundary L[B”. Meanwhile, the boundary
between the region that is lower in rotational speed than the
high speed rotation range RH and the high speed rotation
range RH is referred to as “high speed range-side boundary
HB”.

A hysteresis may be provided to the boundary BL so that
no hunting is produced in the values of the rotational speed
 (w") and the magnetic pole position 8 (87) during switch-
ing by the switching section 1. For example, preferably,
switching is made to computation by the high speed range-
position computation section 3 at the boundary BL on the
high speed side (high speed range-side boundary HB) in the
case where the rotational speed [rpm] is varied from a low
speed to a high speed in FIG. 1, and switching is made to
computation by the low speed range-position computation
section 5 at the boundary BL on the low speed side (low
speed range-side boundary LB) in the case where the
rotational speed [rpm] is varied from a high speed to a low
speed. In this event, the region interposed between the two
boundaries BL. (LB, HB) may be referred to as “boundary
region RB”. In one aspect, preferably, a hysteresis that is
larger than an error in the rotational speed w (w”,,) computed
in a high speed range computation mode by the high speed
range-position computation section 3 is set for the high
speed range-side boundary HB, and a hysteresis that is larger
than an error in the rotational speed w (w";) computed in a
low speed range computation mode by the low speed
range-position computation section 5 is set for the low speed
range-side boundary LB. In the case where only two bound-
aries BL,, namely the low speed range-side boundary L.B and
the high speed range-side boundary HB, are set as in the
example of FIG. 2, the gap in the horizontal axis direction
(rotational speed) between the low speed range-side bound-
ary LB and the high speed range-side boundary HB is
preferably set to be larger than an error between the rota-
tional speeds o (0”7, ®";) computed by the position com-
putation sections (3, 5).

In the low speed range computation mode by the low
speed range-position computation section 5, as discussed
above, it is necessary to apply a high-frequency observation
signal (observation current or observation voltage) that
serves as an electrical stimulus to the rotary electric machine
30, and to compute the rotational speed w (®") and the
magnetic pole position 0 (87) from a response from the
rotary electric machine 30. That is, a period for waiting for
a response from the rotary electric machine 30 is required.
Thus, it is necessary to start application of a high-frequency
observation signal (observation current or observation volt-
age) to the rotary electric machine 30 before the low speed
range computation mode is started. That is, a preparation
period is required before the low speed range computation
mode is started, and a preparation region is set as a rotation
range. The preparation region is set adjacent to the low speed
range-side boundary LB on the high rotational speed side.
The preparation region is preferably set as a high-frequency
application region in which an observation signal is applied
to the rotary electric machine 30 while executing a compu-
tation mode applied in a region on the side on which the
rotational speed is higher than that in the low speed rotation
range RL. For example, in the case where the rotational
speed is varied from a high speed to a low speed, the
boundary region RB discussed above can be utilized as the
high-frequency application region as the preparation region.

In the above description, a hysteresis is provided to the
boundary BL. In the case where hunting produced in the
values of the rotational speed w (") and the magnetic pole
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position 6 (8") practically poses no problem, however, no
hysteresis may be provided as a matter of course. FIG. 3
illustrates a boundary BL for which no hysteresis is set. The
boundary BL is not necessarily a continuous line or curve,
and may be stepped as indicated by the broken line in FIG.
3.

Besides the low speed range computation mode by the
low speed range-position computation section 5 and the high
speed range computation mode by the high speed range-
position computation section 3, a boundary computation
mode may be executed using the low speed range-position
computation section 5 and the high speed range-position
computation section 3, for example. That is, the low speed
range computation mode may be executed in the low speed
rotation range RL illustrated in FIG. 2, the high speed range
computation mode may be executed in the high speed
rotation range RH, and the boundary computation mode may
be executed in the boundary region RB. In one aspect, in the
boundary computation mode, the rotational speed o (w") and
the magnetic pole position 6 (8") are preferably calculated in
accordance with a weighted average of the result (»"; and
6";) of computation by the low speed range-position com-
putation section 5 and the result (»",, and 8", of compu-
tation by the high speed range-position computation section
3 calculated in accordance with the rotational speed.

In this case, a preparation period for starting computation
by the low speed range-position computation section 5 is
preferably provided before transition from the high speed
range computation mode to the boundary computation
mode. That is, a preparation region is preferably provided
adjacent to the boundary between a rotation range in which
computation by the low speed range-position computation
section 5 is executed and the side higher in speed than the
rotation range, on the high rotational speed side. As dis-
cussed above, the preparation region is set as a high-
frequency application region in which an observation signal
is applied to the rotary electric machine 30 while executing
a computation mode (e.g. the high speed range computation
mode) applied in a region on the side on which the rotational
speed is higher than that in the rotation range in which
computation by the low speed range-position computation
section 5 is executed.

In this case, further, a hysteresis may be set for the
boundary BL for transition from the low speed range com-
putation mode or the high speed range computation mode to
the boundary computation mode and the boundary BL for
transition from the boundary computation mode to the low
speed range computation mode or the high speed range
computation mode. For example, a first boundary BL1, a
second boundary BL.2, a third boundary BL.3, and a fourth
boundary BL4 are set as illustrated in FIG. 4. In the case
where the rotational speed becomes higher, transition from
the low speed range computation mode to the boundary
computation mode is started at the second boundary BL.2,
and transition from the boundary computation mode to the
high speed range computation mode is made at the fourth
boundary BL4. That is, in the case where the rotational
speed becomes higher, a region in which the rotational speed
is less than the second boundary BL2 is the low speed
rotation range (RL) in which the low speed range compu-
tation mode is executed, a region in which the rotational
speed is equal to or more than the second boundary BL.2 and
less than the fourth boundary BL4 is the boundary region
(RB) in which the boundary computation mode is executed,
and a region in which the rotational speed is equal to or more
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than the fourth boundary BL4 is the high speed rotation
range (RH) in which the high speed range computation
mode is executed.

In the case where the rotational speed becomes lower,
transition from the high speed range computation mode to
the boundary computation mode is started at the third
boundary BL3, and transition from the boundary computa-
tion mode to the low speed range computation mode is made
at the first boundary BL1. That is, in the case where the
rotational speed becomes lower, a region in which the
rotational speed is equal to or more than the third boundary
BL3 is the high speed rotation range (RH) in which the high
speed range computation mode is executed, a region in
which the rotational speed is equal to or more than the first
boundary BL1 and less than the third boundary BL3 is the
boundary region (RB) in which the boundary computation
mode is executed, and a region in which the rotational speed
is less than the first boundary BL1 is the low speed rotation
range (RL) in which the low speed range computation mode
is executed.

A variety of forms of switching between the computation
modes for computing rotational state information (estimated
rotational speed o” and estimated magnetic pole position 67)
have been described above with reference to FIGS. 2 to 4.
The rotational state information computation section 7
includes at least two position computation sections, namely
the low speed range-position computation section 5 and the
high speed range-position computation section 3. In addi-
tion, the rotational state information computation section 7
executes at least two modes, namely the high speed range
computation mode in which at least the magnetic pole
position 0 (67) is computed by the high speed range-position
computation section 3 and the low speed range computation
mode in which at least the magnetic pole position 6 (87) is
computed by the low speed range-position computation
section 5. The switching section 1 switches the computation
mode between the at least two modes.

While the boundary BL is set for the switching as dis-
cussed above, the boundary BL is set so as to be on the side
on which the rotational speed is low in the case where the
torque is relatively high compared to a case where the torque
is relatively low in the rotation characteristic map prescribed
by the rotational speed [rpm]| and the torque [Nm] of the
rotary electric machine 30. That is, the switching section 1
sets the high speed rotation range RH prescribed by the
rotational speed and the torque of the rotary electric machine
30 and the low speed rotation range RL prescribed on the
side on which the rotational speed is lower than that in the
high speed rotation range RH, and applies the high speed
range computation mode in the high speed rotation range
RH and applies the low speed range computation mode in
the low speed rotation range RL. In addition, the switching
section 1 sets both the high speed range-side boundary HB,
which is the boundary between a region on the side on which
the rotational speed is lower than that in the high speed
rotation range RH and the high speed rotation range RH, and
the low speed range-side boundary LB, which is the bound-
ary between a region on the side on which the rotational
speed is higher than that in the low speed rotation range RL
and the low speed rotation range RL, so as to be on the side
on which the rotational speed is low in the case where the
torque is relatively high compared to a case where the torque
is relatively low. As a matter of course, the boundary BL is
not necessarily a continuous line or curve as in FIGS. 2 and
4, and may be stepped as indicated by the broken line in FIG.
3.
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The method of computing the rotational state information
by the high speed range-position computation section 3 and
the low speed range-position computation section 5 will be
described below. The high speed range-position computa-
tion section 3 computes the magnetic pole position 8 (8”) of
the rotor on the basis of an induced voltage generated in the
rotary electric machine 30. The induced voltage generated in
the rotary electric machine 30 is mainly generated in a stator
because of rotation of the rotor. Thus, the high speed
range-position computation section 3 preferably computes
the magnetic pole position 6 (8") of the rotor at least on the
basis of an induced voltage generated in the stator by
rotation of the rotor of the rotary electric machine 30.
Examples of such a computation method include a compu-
tation method based on a common induced voltage model
(model that uses the expression (1) below). In the embodi-
ment, in order to further increase the estimation accuracy for
the magnetic pole position, the high speed range-position
computation section 3 computes the magnetic pole position
6 (07) of the rotor using an “extended induced voltage
model” that uses an extended induced voltage obtained by
summing an induced voltage generated by rotation of mag-
netic flux generated in the rotor by a d-axis current, an
induced voltage generated by variations in current that flows
through the g-axis inductance on the stator side, and an
induced voltage generated by rotation of magnetic flux of
the permanent magnet. A common circuit equation in the
rotating coordinate system (d-q-axis vector coordinate sys-
tem) of a rotary electric machine having magnetic saliency
is represented by the following expression (1). In the expres-
sion, p indicates a differential operator, L.d and Lq indicate
the d-axis inductance and the g-axis inductance, respec-
tively, and K indicates an induced voltage constant.

[Expression 1]
vd B —wlg [ 1d 0
[Vq}‘ R+pzq][1q}+[wl<£}

In sensorless control in which rotational state information
is computed on the basis of the model which uses the
expression (1) (a common induced voltage model), the
estimation accuracy may be reduced depending on the
specifications of the rotary electric machine, which results in
insufficient versatility. The technical background of such
control is described in detail in a paper by Shinji Ichikawa
et al. “Sensorless Controls of Salient-Pole Permanent Mag-
net Synchronous Motors Using Extended Electromotive
Force Models” (T.IEE Japan, vol. No. 12, 2002), and is not
described in detail herein. According to the paper, the
position information included in the expression (1) can be
considered as the difference between the d-axis and the
g-axis. That is, the position information is included in the
difference in inductance between a diagonal component and
an inverse diagonal component of the matrix in the first term
on the right side of the expression (1) and the induced
voltage term in the second term on the right side. When such
pieces of the position information are integrated with each
other, the expression (1) can be rewritten into the following
expression (2). The symbol “~” added to “Iq” signifies a time
differential of “Iq”, and is used differently from the differ-
ential operator p in the expression (1) so that differentiation
is only applied to a dotted variable.

R+ pLd
wlLd

®
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[Expression 2]
Vd] [R+pld -wlq i 0 2
L@}_ wlLg R+pUJ[M}+ (Ld - L)(wld - 1q) + ©Kg

The voltage equation indicated by the expression (2) is
referred to as “extended induced voltage model”, and the
second term of the expression (2) is defined as “extended
induced voltage” as indicated by the following expression

@)

[Expression 3]

[Z} ={(m—zq)(w1d—1q)+w1<£}m 3

The first term “(Ld-Lq)wld” on the right side of the
expression (3) indicates the induced voltage generated by
rotation of magnetic flux generated in the rotor by a d-axis
current. The second term “(LLd-Lq)wlq” on the right side of
the expression (3) indicates the induced voltage generated
by variations in current that flows through the g-axis induc-
tance on the stator side. The third term “wK;” on the right
side of the expression (3) indicates the induced voltage
generated by rotation of magnetic flux of the permanent
magnet attached to the rotor. That is, position information in
the permanent magnet of the rotary electric machine and the
inductance is all aggregated in the “extended induced volt-
age”. Although a detailed description is found in the paper
by Ichikawa et al. and thus not presented herein, when the
expression (2) is converted into a fixed coordinate system
(e.g. a-p-axis vector coordinate system) set to the stator of
the rotary electric machine, there is no term that includes a
value (according to the paper, “20”) that is difficult to
process in estimating the magnetic pole position, which
makes computation for estimation easy. In computing the
magnetic pole position using a common induced voltage
model, it is necessary to use approximation, which may
reduce the estimation accuracy. In the case where an
extended induced voltage model is used, however, approxi-
mation is not required, which makes it possible to accurately
estimate the magnetic pole position 6 (8”) and the rotational
speed o (w").

The low speed range-position computation section 5
applies a high-frequency observation signal to the rotary
electric machine 30, and computes the magnetic pole posi-
tion 6 (0") of the rotor on the basis of a high-frequency
component fed back as included in a feedback current as a
component as a response to the observation signal. As
illustrated in FIG. 5, for example, the low speed range-
position computation section 5 includes an observation
command generation section 51, a demodulation section 52,
and a phase synchronization section 53. The observation
command generation section 51 is a functional section that
generates a high-frequency observation signal to be applied
to the rotary electric machine 30. In the embodiment, a
high-frequency observation signal (Vd,*: V_, cos(w”,t)) to
be superimposed on a d-axis voltage command Vd is gen-
erated.

A v-8-axis vector coordinate system corresponds to the
observation signal. As illustrated in FIG. 6, a phase differ-
ence of “0,” (as a command value, a phase command “8,*”)
is present between the d-g-axis vector coordinate system and

15

20

40

45

14

the y-9-axis vector coordinate system. A component as a
response to the phase difference superimposed on a voltage
command as a command value is included in the feedback
current from the rotary electric machine 30.

When the relationship between the fixed coordinate sys-
tem (o-f-axis vector coordinate system) set to the stator of
the rotary electric machine 30 and the d-g-axis vector
coordinate system is considered, the d-q-axis vector coor-
dinate system rotates with respect to the a-f-axis vector
coordinate system, and the magnetic pole position 6 can be
defined as a phase angle “0” based on the - and p-axes as
illustrated in FIG. 7. In addition, the rotational speed w of
the rotor can be defined as the rotational speed w of the
d-g-axis vector coordinate system with respect to the a-f3-
axis vector coordinate system. In the case where the mag-
netic pole position 0 is estimated through computation as in
the embodiment, the actual d-q-axis vector coordinate sys-
tem may not be directly detected. Thus, as indicated by the
d- and g-axes with " (hat) in FIG. 7, an estimated d-q-axis
vector coordinate system based on the magnetic pole posi-
tion 8" estimated through computation is set. The magnetic
pole position of the rotor based on the a- and f-axes is
defined as “0™ with " as illustrated in FIG. 7, and the
rotational speed of the estimated d-g-axis vector coordinate
system with respect to the a--axis vector coordinate system
is defined as “w™ with ".

As illustrated in FIG. 7, the estimated d-q-axis vector
coordinate system is caused to coincide with the actual
d-g-axis vector coordinate system by bringing A8, which
corresponds to an error between the actual d-q-axis vector
coordinate system and the estimated d-q-axis vector coor-
dinate system, to zero. That is, the estimated d- and g-axes
are caused match the actual d- and g-axes by bringing A6 to
zero, and thus the magnetic pole position is detected accu-
rately. The rotational state information computation section
7 computes the magnetic pole position using the principle.

In the embodiment, as illustrated in FIG. 5, a g-axis
feedback current Iq (9-axis feedback current 19) is demodu-
lated into “ef” by the demodulation section 52. The demodu-
lation section 52 includes a high-pass filter 524, a mixer 525
that serves as a core component of a heterodyne circuit, and
a low-pass filter 52¢. A component as a response to a
high-frequency observation signal is extracted from the
q-axis feedback current Iq (8-axis feedback current 18) when
the current passes through the high-pass filter 52a.

The inductance of the rotor for expressing the saturation
characteristics includes a dynamic inductance defined by the
following expression (4) and a static inductance defined by
the following expression (5) for flux linkage ® (®d, ®q). In
the expressions, [.d, indicates the d-axis dynamic induc-
tance, Lq, indicates the g-axis dynamic inductance, Ld,
indicates the d-axis static inductance, and Lq, indicates the
g-axis static inductance.

[Expression 4]

_9%d _ 0%q (€3]
"= o1d " T B1g
[Expression 5]
%) Dg ®)
= — . Lg,= —
1d Ig

The salient pole ratio, which indicates the magnetic
saliency of the rotary electric machine 30, is indicated by
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“Lq,/Ld,”, which is a value obtained by dividing the g-axis
dynamic inductance by the d-axis dynamic inductance. In
order to estimate the magnetic pole position, the salient pole
ratio must be higher than “1”. If the average value “ZL” of
the d-axis and g-axis dynamic inductances is defined as
“(Ld,+Lgq;,)/2” and the difference “AL” between the d-axis
and q-axis dynamic inductances is defined as “(Ld,-Lq;,)/
2”, ahigh-frequency component “Id,” of the d-axis feedback
current 19 after passing through the high-pass filter 524 is
indicated by the following expression (6).

[Expression 6]

16, = (ﬁ)sin(ZAO)(Z)—Tsinwht)

©

Next, the response component “Id,” extracted by the
high-pass filter 52 and a sinusoidal component “sin(w,t)”
of the high-frequency component of the observation com-
mand transferred from the observation command generation
section 51 are mixed with each other by the mixer 525 to
result in “€” indicated by the following expression (7). “A”
and “B” are each a constant. After “€” passes through the
low-pass filter 52¢, “¢/” indicated by the following expres-

sion (8) is obtained.

[Expression 7]

&= A-cos(2wpt) + B-sin(2A0) (7

[Expression 8]

-AL ] 8

Van (
&7 e\ LdyLa,

As is clear also from FIG. 7, when “A8” in the expression
(8) approximates “0”, the error between the estimated d-q-
axis vector coordinate system and the d-q-axis vector coor-
dinate system is reduced. Thus, PI control is executed by the
phase synchronization section 53 (PLL: phase locked loop)
such that “A0” becomes “zero”. In the embodiment, two PI
control sections, namely a first PI control section 534 and a
second PI control section 534, are provided. An estimated
rotational speed “w”,” is calculated as a result of the PI
control. A distance, that is, an angle, is obtained by inte-
grating a rotational speed (angular speed). Thus, an esti-
mated magnetic pole position “6”,” is calculated by inte-
grating the estimated rotational speed “w”;” using an
integrator 53c.

As described above, rotational state information is com-
puted by each of the low speed range-position computation
section 5 and the high speed range-position computation
section 3. The switching section 1 switches the computation
mode on the basis of the rotation characteristic map (see
FIGS. 2 to 4 etc.) prescribed by the rotational speed and the
torque of the rotary electric machine 30, and decides the
estimated rotational speed “w™” and the estimated magnetic
pole position “6™. The rotational speed as the criterion for
the switching section 1 to determine switching of the com-
putation mode may be the command value “w*”, or may be
the estimated rotational speed “w””. Alternatively, the rota-
tional speed as the criterion may be a value obtained by
applying to the command value “w*” a filter that takes into
account a delay in the control system. The torque as the
criterion for the switching section 1 to determine switching
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of the computation mode is not limited to the torque com-
mand T*, and may be a value calculated through computa-
tion from the d-axis feedback current Id (y-axis feedback
current Iy) or the g-axis feedback current Iq (8-axis feedback
current 19). Alternatively, the torque as the criterion may be
a value obtained by applying to the command value “T*” a
filter that takes into account a delay in the control system.

As discussed above, the rotary electric machine control
device according to the present disclosure includes the high
speed range-position computation section 3 and the low
speed range-position computation section 5, and can esti-
mate the magnetic pole position 6 (687) in a rotational speed
range that suits each of the computation sections. In the
switching section 1, the low speed rotation range RL and the
high speed rotation range RH are set, and such rotation
ranges are not only set simply in correspondence with the
rotational speed, but also set in correspondence with the
torque. This is particularly useful in the case where the high
speed range-position computation section 3 is constructed
utilizing an extended induced voltage model and the low
speed range-position computation section 5 is constructed
utilizing a high-frequency response that utilizes the mag-
netic saliency as in the embodiment. The technical signifi-
cance will be described below.

As discussed above with an indication of the expressions
(1) to (3), an extended induced voltage model includes an
induced voltage generated by rotation of magnetic flux
generated in the rotor by a d-axis current. In the case where
the rotary electric machine 30 is controlled so as to maxi-
mize output torque (in the case where maximum torque
control is performed), a d-axis current also flows through the
stator, which increases an induced voltage for estimating the
magnetic pole position. That is, when the high speed range-
position computation section 3 estimates the magnetic pole
position, the estimation accuracy is improved to stabilize
computation in the case of high torque (in the case where the
torque is large) compared to the case of low torque (the case
where the torque is small).

When the low speed range-position computation section 5
estimates the magnetic pole position 6 (8"), on the other
hand, the estimation accuracy is improved to stabilize com-
putation in the case of low torque (in the case where the
torque is small) compared to the case of high torque (the
case where the torque is large) for the following reasons. In
the case where the maximum torque control is performed,
the d-axis current generally has a negative value, and thus
the d-axis dynamic inductance “L.d,” is hardly varied irre-
spective of the magnitude of the torque. On the other hand,
when the torque becomes larger, the q-axis current is
increased so that g-axis magnetic flux gradually approaches
a saturated region. The dynamic inductance is a differential
value of magnetic flux. Thus, when the g-axis current is
increased to approach a saturated region, the q-axis dynamic
inductance “Lq,” approximates “0”. That is, as the torque
becomes larger, the g-axis dynamic inductance “Lq,”
becomes smaller.

The method of estimating the magnetic pole position
using a component as a response to a high-frequency obser-
vation signal utilizes the magnetic saliency of the rotary
electric machine. As discussed above, the salient pole ratio
is “Lq,/Ld,”. When the g-axis dynamic inductance “Lq,”
becomes smaller, the salient pole ratio becomes lower,
which reduces the stability in estimating the magnetic pole
position utilizing the saliency. As discussed above, the
salient pole ratio must be more than “1” in order to estimate
the magnetic pole position. Thus, the stability in computa-
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tion is reduced when the torque is increased to reduce the
g-axis dynamic inductance “Lq],,” even at the same rotational
speed.

In the switching section 1, as discussed above, the low
speed rotation range RL and the high speed rotation range
RH are set, and such rotation ranges are not only set simply
in correspondence with the rotational speed, but also set in
correspondence with the torque. Specifically, estimation of
the magnetic pole position by the high speed range-position
computation section 3 is executed with a region in which the
rotational speed is high and the torque is high defined as the
application region, and estimation of the magnetic pole
position by the low speed range-position computation sec-
tion 5 is executed with a region in which the rotational speed
is low and the torque is low defined as the application region.
As a result, the switching section 1 sets a region in which
each of the two computation sections (3, 5) can stably
estimate the magnetic pole position, which enables the
magnetic pole position to be estimated with high accuracy.

Estimation of the magnetic pole position by the high
speed range-position computation section 3 is performed
more preferably when the torque of the rotary electric
machine 30 is higher as discussed above. However, such
estimation can be performed even in the case where such
torque is low. On the other hand, estimation of the magnetic
pole position by the low speed range-position computation
section 5 may not be performed with the salient pole ratio
falling below “1” in the case where such torque is high.
Thus, estimation of the magnetic pole position by the high
speed range-position computation section 3 may be executed
with all the region in which the rotational speed is high
defined as the application region irrespective of the torque,
and estimation of the magnetic pole position by the low
speed range-position computation section 5 may be executed
with a region in which the rotational speed is low and the
torque is low defined as the application region. That is,
estimation of the magnetic pole position by the high speed
range-position computation section 3 may be executed with
a region in which the rotational speed is high and the torque
is both low and high and a region in which the rotational
speed is low and the torque is high defined as the application
region, and estimation of the magnetic pole position by the
low speed range-position computation section 5 may be
executed with a region in which the rotational speed is low
and the torque is low defined as the application region.

When the low speed range-position computation section 5
estimates the magnetic pole position 8 (6"), it is necessary to
superimpose a high-frequency observation command on the
voltage command Vd*. To this end, when the low speed
range-position computation section 5 executes computation,
the switching section 1 switches the switch 2 to superimpose
a high-frequency observation command on the voltage com-
mand Vd*. When the low speed range-position computation
section 5 does not execute computation, the switching
section 1 switches the switch 2 to set a signal to be
superimposed on the voltage command Vd* to “0”.

In the boundary computation mode executed in the
boundary region RB, as discussed above, the rotational
speed w (w") and the magnetic pole position 8 (87) are
preferably calculated in accordance with a weighted average
of the result (w"; and 6”;) of computation by the low speed
range-position computation section 5 and the result (w”, and
6" 5) of computation by the high speed range-position com-
putation section 3 calculated in accordance with the rota-
tional speed. The weighted average is preferably obtained by
the switching section 1. The specific method of obtaining a
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weighted average is disclosed in JP H10-94298 A etc. and
known in the art, and thus not described in detail.

In the above description, the low speed range-position
computation section 5 superimposes an observation signal
on a voltage command. However, the configuration of the
low speed range-position computation section 5 is not
limited thereto. It is possible to apply a variety of aspects in
which a high-frequency observation signal is applied to the
rotary electric machine, and in which the magnetic pole
position is estimated in accordance with a response from the
rotary electric machine. For example, an observation signal
may be superimposed on a current command.

INDUSTRIAL APPLICABILITY

The present disclosure may be utilized for a rotary electric
machine control device that performs vector control on a
rotary electric machine.

The invention claimed is:

1. A rotary electric machine control device that controls a
rotary electric machine that includes a rotor in which a
permanent magnet is disposed so as to provide magnetic
saliency, and that performs feedback control on the rotary
electric machine on the basis of a deviation between a
current command and a feedback current from the rotary
electric machine in a d-g-axis vector coordinate system
defined by a d-axis which extends in a direction of a
magnetic field produced by the permanent magnet and a
g-axis which is orthogonal to the d-axis, the rotary electric
machine control device comprising:

an electronic control unit that is structured to:

compute a magnetic pole position of the rotor on the
basis of an induced voltage generated in the rotary
electric machine;

apply a high-frequency observation signal to the rotary
electric machine, and compute the magnetic pole
position of the rotor on the basis of a high-frequency
component included in the feedback current as a
component as a response to the observation signal;
and

switch a computation mode for computing the magnetic
pole position of the rotor between at least two modes
that include a high speed range computation mode in
which the magnetic pole position is computed and a
low speed range computation mode in which the
magnetic pole position is computed, wherein

the electronic control unit sets a high speed rotation range

prescribed by a rotational speed and torque of the rotary
electric machine and a low speed rotation range pre-
scribed by the rotational speed and the torque of the
rotary electric machine and prescribed on a side on
which the rotational speed is lower than that in the high
speed rotation range, applies the high speed range
computation mode in the high speed rotation range,
applies the low speed range computation mode in the
low speed rotation range, and sets both a high speed
range-side boundary and a low speed range-side bound-
ary so as to be on a side on which the rotational speed
is low in the case where the torque is relatively high
compared to a case where the torque is relatively low,
the high speed range-side boundary being a boundary
between a region on a side on which the rotational
speed is lower than that in the high speed rotation range
and the high speed rotation range, and the low speed
range-side boundary being a boundary between a
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region on a side on which the rotational speed is higher a high-frequency application region in which the obser-
than that in the low speed rotation range and the low vation signal is applied to the rotary electric machine
speed rotation range. while executing the computation mode applied in a
2. The rotary electric machine control device according to region on a side on which the rotational speed is higher
claim 1, wherein 5 than that in the low speed rotation range is set adjacent
the electronic control unit computes the magnetic pole to Fhe low spe.:ed range-si.de .boundary on a side on
position of the rotor at least on the basis of an induced which the rotational speed is higher than that in the low
voltage generated in a stator by rotation of the rotor. speed range-side boundary.

3. The rotary electric machine control device according to 9 The rotary .elecmc machine control device according to
. . 10 claim 3, wherein:
claim 1, wherein

the electronic control unit computes the magnetic pole the electronic control unit computes a rotational speed of

.. . . the rotor;
position of the rotor using an extended induced voltage - . . .
. a hysteresis that is larger than an error in the rotational
model that uses an extended induced voltage calculated

. . speed produced by an error in the magnetic pole
from an induced V°ha;‘%e generated by rqtatlon of | position computed in the high speed range computation
magnetic flux generated in the rotor by a d-axis current,

: y d drdxd mode is set for the high speed range-side boundary; and
an induced voltage genera?ed. by variations in current a hysteresis that is larger than an error in the rotational
that flows through a g-axis inductance on the stator

: ! ) speed produced by an error in the magnetic pole
side, and an induced voltage generated by rotation of position computed in the low speed range computation
magnetic flux of the permanent magnet. 20

mode is set for the low speed range-side boundary.
4. The rotary electric machine control device according to 10. The rotary electric machine control device according
claim 1, wherein:

to claim 3, wherein
the electronic control unit computes a rotational speed of

a high-frequency application region in which the obser-
the rotor; vation signal is applied to the rotary electric machine

a hysteresis that is larger than an error in the rotational 25 while executing the computation mode applied in a
speed produced by an error in the magnetic pole region on a side on which the rotational speed is higher
position computed in the high speed range computation than that in the low speed rotation range is set adjacent
mode is set for the high speed range-side boundary; and to the low speed range-side boundary on a side on

a hysteresis that is larger than an error in the rotational which the rotational speed is higher than that in the low
speed produced by an error in the magnetic pole 30 speed range-side boundary.

position computed in the low speed range computation
mode is set for the low speed range-side boundary.
5. The rotary electric machine control device according to
claim 1, wherein
a high-frequency application region in which the obser- 35

11. The rotary electric machine control device according
to claim 6, wherein:
the electronic control unit computes a rotational speed of
the rotor;
a hysteresis that is larger than an error in the rotational

vation signal is applied to the rotary electric machine
while executing the computation mode applied in a
region on a side on which the rotational speed is higher
than that in the low speed rotation range is set adjacent

speed produced by an error in the magnetic pole
position computed in the high speed range computation
mode is set for the high speed range-side boundary; and

a hysteresis that is larger than an error in the rotational

to the low speed range-side boundary on a side on 40 speed produced by an error in the magnetic pole
which the rotational speed is higher than that in the low position computed in the low speed range computation
speed range-side boundary. mode is set for the low speed range-side boundary.

6. The rotary electric machine control device according to 12. The rotary electric machine control device according

claim 2, wherein to claim 6, wherein

the electronic control unit computes the magnetic pole 45  a high-frequency application region in which the obser-
position of the rotor using an extended induced voltage vation signal is applied to the rotary electric machine
model that uses an extended induced voltage calculated while executing the computation mode applied in a
from an induced voltage generated by rotation of region on a side on which the rotational speed is higher
magnetic flux generated in the rotor by a d-axis current, than that in the low speed rotation range is set adjacent
an induced voltage generated by variations in current 50 to the low speed range-side boundary on a side on
that flows through a g-axis inductance on the stator which the rotational speed is higher than that in the low
side, and an induced voltage generated by rotation of speed range-side boundary.
magnetic flux of the permanent magnet. 13. The rotary electric machine control device according

7. The rotary electric machine control device according to to claim 4, wherein

claim 2, wherein: 55 a high-frequency application region in which the obser-

the electronic control unit computes a rotational speed of vation signal is applied to the rotary electric machine
the rotor; while executing the computation mode applied in a

a hysteresis that is larger than an error in the rotational region on a side on which the rotational speed is higher
speed produced by an error in the magnetic pole than that in the low speed rotation range is set adjacent
position computed in the high speed range computation 60 to the low speed range-side boundary on a side on

mode is set for the high speed range-side boundary; and

which the rotational speed is higher than that in the low

a hysteresis that is larger than an error in the rotational
speed produced by an error in the magnetic pole
position computed in the low speed range computation
mode is set for the low speed range-side boundary. 65

8. The rotary electric machine control device according to

claim 2, wherein

speed range-side boundary.
14. The rotary electric machine control device according
to claim 7, wherein
a high-frequency application region in which the obser-
vation signal is applied to the rotary electric machine
while executing the computation mode applied in a
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region on a side on which the rotational speed is higher
than that in the low speed rotation range is set adjacent
to the low speed range-side boundary on a side on
which the rotational speed is higher than that in the low
speed range-side boundary. 5

15. The rotary electric machine control device according

to claim 9, wherein

a high-frequency application region in which the obser-
vation signal is applied to the rotary electric machine
while executing the computation mode applied in a 10
region on a side on which the rotational speed is higher
than that in the low speed rotation range is set adjacent
to the low speed range-side boundary on a side on
which the rotational speed is higher than that in the low
speed range-side boundary. 15

16. The rotary electric machine control device according

to claim 11, wherein

a high-frequency application region in which the obser-
vation signal is applied to the rotary electric machine
while executing the computation mode applied in a 20
region on a side on which the rotational speed is higher
than that in the low speed rotation range is set adjacent
to the low speed range-side boundary on a side on
which the rotational speed is higher than that in the low
speed range-side boundary. 25
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